Nucleic acid amplification has permeated every field in the life sciences since the introduction of the classic polymerase chain reaction (PCR) method in 1983. Yet, despite its fundamental reach, PCR has been constrained within the walls of a laboratory, due to its requirement for a sophisticated thermocycling machine, limiting external application in low-resource settings. New isothermal amplification strategies are seeking to break through traditional laboratory boundaries by providing nucleic acid replication at constant temperatures. Of these methods, recombinase polymerase amplification (RPA) is one of the fastest developing, experiencing rapid uptake and market, even though it was introduced comparatively late. Critically, RPA's technology potentiates highly accessible and sensitive nucleic acid amplification outside of laboratory, and even self-testing. Here we provide a comprehensive review of the equipmentfree simplicity of RPA over its first decade of development. Our review includes key knowledge of RPA technology, such as its reaction components, mechanism, sensitivities and specificities, and distinctive detection methods. The review also provides know-how for developing RPA assays, and information about commercially available RPA reaction kits and accessories. We summarise critical RPA experimental tips and issues available through data mining the published literature, to assist researchers in mastering the RPA reaction. We also outline influential hotspots of RPA development, and conclude with outlooks for future development and implications for eclipsing PCR and further revolutionising the life sciences.
Introduction and overview
Nucleic acid amplification (NAA) in vitro, the artificial replication of genetic material, has infiltrated all areas of life sciences and biotechnology, such as pathogen detection, cancer research, cloning, sequencing, genetic engineering, synthetic biology, genotyping, mutagenesis, forensic identification of crimes, drug discovery, molecular archaeology, food testing, wellness and lifestyle testing etc. This explosive revolution began with the invention of the polymerase chain reaction (PCR) by Kary Mullis in 1983. 1 Fundamentally, PCR is a cyclic process that performs exponential amplification from a single nucleic acid molecule to billions of copies in vitro, by providing successive temperatures favourable to nucleic acid replication processes (strand denaturation, primer annealing, and enzymatic extension). Increasing molecular quantities makes the handling and subsequent applications of nucleic acids easier, reducing the requirement for use of toxic radioactive probes to track molecular presence, and spawning immense creativity around applications for use. Yet, as valuable as PCR is, the requirement for a sophisticated thermocycler to provide the cyclic heating and cooling process, has largely bound PCR to implementation within the walls of a laboratory, impeding its application in low-resource settings. Recent advances in isothermal nucleic acid amplification have provided simplified incubation conditions for artificial nucleic acid replication, requiring only a constant temperature rather than thermocycling. The single temperature incubation reduces equipment requirements, opening new avenues to break through the boundaries of the laboratory and perform amplification in low-resource settings. The elimination of repeated heating and cooling steps also provides a second advantage for low-resource implementation, through reduced amplification times. Faster reactions occur not only because of a reduction in heating and cooling times, but also because multiple molecular reactions can proceed asynchronously rather than being forced to operate sequentially within an arti- ficial heating and cooling cycle. Since the early 1990s, a plethora of isothermal nucleic acid amplification methods have adopted various reaction mechanisms. The most wellestablished methods are exemplified by nucleic acid sequencebased amplification (NASBA, also known as transcription mediated amplification, TMA), signal-mediated amplification of ribonucleic acid (RNA) technology (SMART), helicase-dependent amplification (HDA), recombinase polymerase amplification (RPA), rolling circle amplification (RCA), multiple displacement amplification (MDA), loop-mediated isothermal amplification (LAMP) and strand displacement amplification (SDA); readers can refer to details of these methods in a few reviews. [2] [3] [4] [5] One technology in particular, recombinase polymerase amplification (RPA), is experiencing rapid development and increasing market share ( Fig. 1) , despite its comparatively late introduction, due to its simplified equipment requirements and fast reaction times. RPA was first introduced in 2006 by Niall Armes from ASM Scientific Ltd (Cambridge, United Kingdom, founded by the Wellcome Trust Sanger Institute). 6 Although RPA has not yet occupied a large market share percentage in the isothermal nucleic acid amplification technology (according to the data from the Grand View Research report, 7 Fig . 1A ), it is experiencing the most rapid uptake. More than 250 publications about RPA have been published so far, with a consistent increase in RPA publication numbers in the last six years; noticeably, the RPA publication number started growing exponentially from year 2014 (Fig. 1B) . Among these publications, five RPA review papers were published in consecutive years from 2014 to 2018, respectively. The review of Zaghloul and El-shahat focuses on the application of RPA for hepatitis C virus diagnosis; 8 the review of Moore and Jaykus emphasises RPA assays developed for the detection of enteric viruses; 9 the reviews of James and
Macdonald, 10 Daher et al. 11 and Lobato and O'Sullivan 12 describe and summarise the characteristics and strengths for applications of RPA in point-of-care (POC) diagnostics. In comparison, here we provide a comprehensive review that focuses on the radical properties and development potential of RPA.
Beginning with an introduction of the key aspects of RPA technology, namely reaction components and mechanisms. We subsequently provide know-how about developing RPA assays, including design and selection of oligonucleotides ( primer, probe and template); the information about commercially available RPA reaction kits and accessories are also provided. For those interested in the technical implementation of RPA, we summarise critical RPA experimental tips and issues available through data mining the published literature to assist researchers better master RPA reaction. This is followed by elucidating the clinical/field performance of RPA via collated data such as sensitivity and specificity from RPA literature. We also describe some distinctive RPA detection methods for those who want to detect RPA assay signal using the methods other than the commonly used PCR detection methods. To understand the critical significance of this technology for eclipsing PCR and breaking out of the boundaries of the laboratory walls, we discuss the development hotspots of RPA, including quantitative RPA, multiplex RPA reaction, mobile RPA diagnostic, integrated RPA assays on microfluidics and one-step RPA assays. Our review then concludes with outlooks of future development of RPA.
Recombinase polymerase amplification (RPA) reaction
The prominence of RPA as revolutionary method to eclipse PCR stems from its specific reaction components (Table 1) and mechanism. For a successful RPA assay, the nuances are hinged on the intrinsic factors, the design of the primers, probe and nucleic acid template; and are related to the extrin-
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Mechanism
RPA starts with the binding of the T4 UvsX protein (recombinase), assisted by the T4 UvsY (loading factor), to the primers to form a nucleoprotein filament. The resulting complex searches for homologous sequences in duplex DNA (Fig. 2) . 6 Once the homology is located, the complex invades the double-stranded DNA, forming a D-loop structure. One side of the D-loop is double-stranded where the primer hybridises with the template strand, initiating a strand exchange reaction, whereas the other side of the D-loop remains single-strandedthe unwound complementary strand that is stabilised by the SSB proteins (T4 gp32). 29, 30 Subsequently, the recombinase disassembles from the nucleoprotein filament and becomes immediately available to initiate another strand displacement reaction with a new primer. Primer incorporation allows the DNA polymerase (Bsu or Sau) to initiate the synthesis from the free 3′-OH at the end of the primer. As the polymerisation continues, the two parental strands continue to separate. Incorporation of both forward and reverse primers enables strand synthesis to occur in both directions simultaneously, and ultimately results in the exponential accumulation of amplified duplex DNA, consisting of the sequence between the forward and reverse primers. During RPA, the formation of the recombinase-primer complex is the rate limiting for the D-loop formation. 29 It was reported that the D-loop formation was most efficient at the stoichiometries at which the T4 UvsX protein fully coated the Recombinase that possesses pairing and strand-transfer activity that is important in genetic recombination, DNA repair and replication (or E. coli RecA; recombinase is a central component in the related processes of recombinational DNA repair and homologous genetic recombination that is the ortholog of the UvsX protein).
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T4 UvsY protein 60 ng μL
Recombinase loading factor that is classified as a recombination-mediator protein that stimulates the single-stranded DNA-dependent ATPase activity of T4 UvsX and lowers the critical concentration of T4 UvsX required for activity.
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T4 gp32 600 ng μL
Single-stranded binding (SSB) protein is involved in DNA replication, repair and recombination, and binds preferentially to single-stranded DNA. The T4 UvsX, T4 UvsY and T4 gp32 proteins work co-operatively to initiate the RPA reaction via unwinding, D-loop formation and stabilisation of the DNA template.
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Bacillus primers but did not bind substantially to the double-stranded DNA. 30 The SSB proteins and the T4 UvsY (together with the ATP) have been shown to be essential for cooperating in strand exchange reaction along with the T4 UvsX protein. 13, 30, 32 However, the presence of both of these proteins requires a higher concentration of T4 UvsX protein than what is required in the presence of only one of these proteins. 29, 33, 34 The SSB proteins can stimulate the strand exchange reaction if T4 UvsX degrades. 33 Importantly, the T4
UvsY protein neutralises the competition between the SSB proteins and the T4 UvsX for binding sites on the primers preventing the SSB from binding the primer from initiating the recombination event. 35 When the primer concentration is low, the SSB proteins inhibits the strand exchange activity of the T4 UvsX protein. 35 However, once the T4 UvsY protein is supplied, the T4 UvsY protein is able to invade the SSB proteins-covered primers to promote the binding of T4 UvsX protein to primers (from a site that is adjacent to the bound T4 UvsY protein), thereby displacing the SSB proteins from the primers. The kits contain pre-mixed enzymes, oligos and reagents necessary, users need only add DNA, with provided buffer and magnesium acetate to the reactions. The kits also feature internal control DNA and probes in the lyophilised pellets, and lysis buffer for a two-step lysis of up to 5 µL of sample. The turn-around time of the Glow kit and the Flow kit are less than 10 minutes and approximately 20 minutes, respectively.
TwistFlow® Salmonella

Lateral flow strip
Analyst
Critical Review Single-plex detection designed to detect a biotin and FITC (or FAM) labelled amplicon. Detection is based on sandwich assay using carbon nanoparticles as tracer and is performed in a sealed cartridge. 41 have also been reported.
Unlike PCR, the length of RPA primers is relatively long (a recommended minimum of 30 nucleotides, but typically between 32 and 35 nucleotides). Shorter PCR primers (typically between 18 and 25 nucleotides) can also be used in the RPA reaction but may decrease the reaction speed and sensitivity. 42 Application of short PCR primers in RPA has been demonstrated by Mayboroda et al., 43 Martorell et al., 37 Wang et al. 44 and Fuller et al. 45 The latter two authors have shown that the PCR primers used in RPA resulted higher analytical sensitivity of detection compared to their usage in PCR: RPA detected 100 DNA copies of genetically modified GTS 40-3-2 soybean and 3.5 pg of genomic DNA of Agrobacterium spp. respectively, while the benchmark method PCR detected 1000 DNA copies and 350 pg of genomic DNA respectively. 44, 45 The company that sells the commercialised RPA reagents, TwistDx™ Ltd (see section 2.4 and Tables 2 and 3 for more details) provides additional probes that can be incorporated during the RPA reaction. The TwistAmp™ exo probe (typically between 46 and 52 nucleotides) and the TwistAmp® fpg probe (typically between 32 and 35 nucleotides) are used for fluorogenic real-time detection (Fig. 3A and B) . These two probes are usually labelled with a fluorophore, a quencher (e.g. Black Hole Quencher) that is in close proximity to the fluorophore, to temporarily deter the fluorescent signal, and a blocker (e.g. C3-spacer, a phosphate, a biotin-TEG or an amine) at the 3′-end serving to prevent polymerase extension from the 3′-end ( Fig. 3A and B) . The real-time detection is based on cleavage of fluorogenic probes at an abasic site (also known as an apurinic/apyrimidinic site that is a location in DNA (less often in RNA), which has neither a purine nor a pyrimidine base) between the fluorophor and the quencher. The abasic site can either be tetrahydrofuran (THF) or a dSpacer (a derivative of the THF) or a dR group (the deoxyribose of the abasic site via a C-O-C linker). The E. coli exonuclease III cleaves the TwistAmp™ exo probe at a THF or a dSpacer site, while the glycosylase/lyase E. coli fpg cleaves the TwistAmp™ fpg probe at the dR position ( Fig. 3A and B) . After the enzymatic cleavage, the TwistAmp® exo probe can serve as a forward primer. However, the TwistAmp™ fpg probe cannot serve as a primer due to different catalytic mode (beta-elimination) of the glycosylase/lyase E. coli fpg protein, which does not generate an extendable 3′-OH group but a 3′-phosphate group. 46 A third probe, the TwistAmp™ LF (typically between 46 and 52 nucleotides), is used for lateral flow strip detection (Fig. 3C ). This probe is labelled at the 5′-end (e.g. with fluorescein), has a blocker at the 3′-end, and an internal abasic site (THF or dSpacer). The Nfo endonucleases IV cleaves at this abasic site of the TwistAmp™ LF probe, and generates an extendable 3′-OH group for polymerisation. However, unlike the E. coli exonuclease III which degrades most of the amplicons during RPA reaction, the Nfo endonuclease IV generates a slower signal and incomplete cleavage to avoid amplicon degradation (also see section 2.8). 46 Therefore, the TwistAmp™ LF probe can also be used for cases when gel electrophoresis (GE) is chosen as a detection method.
To select suitable RPA templates and to design primers and probes, users can refer to the criteria suggested in the TwistAmp™ reaction kit manual. 20 In brief, (1) GC content of the DNA template should be between 40% and 60%, and should avoid long homo-polymer tracks, few direct/inverted repeats and palindromes; (2) GC content of the primers should be between 30% and 70%, and should avoid long tracks of guanines at the 5′ end but recommend cytidines; and (3) guanines and cytidines are recommended at 3′-end of the primer for improved performance. From the RPA literature, it is further recommended that users evaluate the melting temperature, hybridisation stability, secondary structures and dimer formations among these oligonucleotides. 47 Specific softwares such as BioEdit version 7.0.5.3, 48 Primer3, 49 UNAFold, 50 mFOLD, 51 Oligoanalyzer 3.1 (IDT, Leuven, Belgium), PrimerQuest software (Integrated DNA Technologies, Coralville, IA) and Visual OMP (DNA software, MI, USA) have been used in the literature for analysing RPA oligonucleotide properties. An effective way to avoid primer dimer formation is to employ self-avoiding molecular recognition systems (SAMRS), by including SAMRS nucleotides 2-aminopurine-2′ deoxyriboside (A*), 2′-deoxy-2-thiothymidine (T*), 2′-deoxyinosine (G*) and N4-thyl-2′-deoxycytidine (C*) in the primers. 52 The inclusion of these SAMRS nucleotides strategically replaces the hydrogen-bonding units from natural A pairs with T (and G pairs with C) to SAMRS A* pairs with natural T, SAMRS T* pairs with natural A, SAMRS G* pairs with natural C and SAMRS C* pairs with natural G. However, the SAMRS A* and SAMRS G* nucleotides do not interact with the SAMRS T* and SAMRS C* nucleotides respectively no matter what their concentration, and in this way, the undesired products due to primer dimer can be avoided during nucleic acid amplification. 52, 53 Such SAMRS system has been demonstrated in RPA Fig. 2 RPA reaction mechanism. The reaction starts from the binding of the recombinase (T4 UvsX) to the primers with the help of the loading factor (T4 UvsY). This forms a nucleoprotein filament that searches for the homologous sequence in the double-stranded DNA. Once the homology is located, the complex invades the duplex DNA, forming a D-loop structure to initiate a strand exchange reaction while the unwound strand is stabilised by the single-stranded binding proteins (T4 gp32). The recombinase (Bsu or Sau) disassembles from the nucleoprotein filament once the strand exchange is performed, and will be available for the next pair of primers. Next, the DNA polymerase extends from the 3' end of primers. As the polymerisation continues, the two parental strands begin to separate and eventually form two duplexes, and then the whole process repeats. reaction by Sharma and co-workers, and was shown to successfully eliminate RPA artifacts. 53 In addition, caution is needed to avoid overlap between the primer and probe which has shown to impede the desired amplification efficiency. 54, 55 Collectively speaking, it is sufficient to follow the described guidelines as a starting point for in silico optimal design of the RPA oligonucleotide candidates, however, the resulting candidates should be screened through RPA reactions to select the preferred final oligonucleotide set applicable for a specific RPA assay (e.g. TwistDx™ Ltd recommends designing five forward and reverse primers, and 3 probes).
Commercial kits and instrumentation by TwistDx™
All the RPA reagents are available for commercial purchase through TwistDx™, a subsidiary of Abbott. 56 The company provides various kits for RPA reactions that can be customised towards specific applications by the end user. The company also sells RPA kits for the detection of specific food-borne pathogens (e.g. Listeria monocytogenes, Campylobacter and Salmonella enterica) ( Table 2 ). The company not only provides RPA reagents in liquid format, but also in lyophilised pellet format which allows in-field application. These lyophilised pellets have shelf-lives up to 12 weeks at 25°C or up to 3 weeks at 45°C. 57 In addition, TwistDx™ offers a custom freezedrying service to create RPA reaction pellets containing primers, probes, and concentrations of protein components or other components (e.g. internal control DNA or RNA species), which can be encased in various holding vessels with different volumes.
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Apart from various RPA reaction kits, TwistDx™ also develops tailor-made devices and accessories for RPA reactions; these devices and accessories enable incubation, dispensing, mixing, detection, power supply and portability (Table 3 and Fig. 4) . The Twirla™ device is a hand-held sized batterypowered incubator, which allows up to six parallel RPA reactions and subsequent end-point detection (e.g. gel electrophoresis and lateral flow strip detection; Fig. 4A ) (note that the Twirla™ is an upgraded version of an earlier Twista® device that does not support constant mixing during incubation, which has now been discontinued). Alternatively, the T8-ISO allows up to eight parallel incubations and two-channel realtime fluorescent detection per tube (Fig. 4B) . The T16-ISO is an advanced version of the T8-ISO, which supports up to sixteen parallel reactions with three-channel fluorescent detection per tube (Fig. 4C) . The T8-ISO and the T16-ISO can be powered by mains-power supply, micro USB, or PowerGorilla external battery (Fig. 4D) . Moreover, all three incubators mentioned so far support magnetic mixing ( programmed or constant) when fitted with Micro Ball(s) (0.2 mL; dispensed with Micro Ball Dispenser) in the reaction tube (Fig. 4E) . For lateral flow strip detection, TwistDx™ provides four different lateral flow devices: Milenia HybriDetect 1, Milenia HybriDetect 2 (Fig. 4F) , PCRD Nucleic Acid Detection (Fig. 4G ) and U-Star Disposable Nucleic Acid Lateral Flow Detection Units (Fig. 4H) . The Milenia HybriDetect 1 and the U-Star Disposable Nucleic Acid Lateral Flow Detection Units allow Fig. 3 RPA probes. A: TwistAmp™ exo probe. This probe is cleaved by the E. coli exonuclease III at the abasic site (e.g. tetrahydrofuran, THF) to depart the fluorophore from the quencher and generate an extensible 3'-OH group for polymerisation. B: TwistAmp™ fpg probe. This probe is cleaved by the glycosylase/lyase E. coli fpg at the dR position (the deoxyribose of the abasic site via a C-O-C linker) to depart the fluorophore from the quencher and generate a 3'-phosphate group which is non-extensible for polymerisation. C: TwistAmp™ LF probe. This probe is cleaved by the Nfo endonucleases IV at the abasic site (e.g. tetrahydrofuran, THF) to generate an extensible 3'-OH group for polymerisation. The DNA polymerases extend and displace from 3'-ends of the primers and cleaved probe to produce the minor amplicons (from the forward and reverse primers) and a displaced strand. The displaced strand combines with the labelled reverse primer, and leads to the production of a dual-labelled amplicon (the major amplicon) for the downstream sandwich assay detection. single-plex detection while the other two devices allow duplex detection. All the lateral flow devices except for the PCRD Nucleic Acid Detection device are based on sandwich assay using gold nanoparticles as tracer; the PCRD Nucleic Acid Detection device employs carbon nanoparticles, which can be more sensitive than the gold nanoparticles. 59, 60 The Milenia
HybriDetect are provided as strips, whereas the PCRD Nucleic Acid Detection strips are encased in a semi-sealed cartridge, and the U-Star Disposable Nucleic Acid Lateral Flow Detection strips are embedded in a sealed cartridge designed to enable the RPA reaction to flow to the strips in a completely closed environment that prevents cross-contamination of amplified products.
Influence of temperature and agitation
For RPA reactions to achieve optimal efficiency and analytical sensitivity, the choice of target sequence and the designs of corresponding primers and probe are the intrinsic determinants, however, the reaction temperature and agitation during RPA reaction are two of the most important contributing extrinsic factors. The recommended RPA reaction temperature is between 37°C and 42°C, 42 and Crannell et al. 61 and Wang et al. 44 have also demonstrated that RPA reaction can be performed using body temperature, which can be used advantageously for infield application. However, several research groups have studied RPA reaction temperatures that lie outside of the recommended range. 38, 44, 45, 60, [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] The largest temperature range was tested between 15°C and 50°C; 62, 64, 69, 70, 76 and results indicated the marginal reaction temperature to produce a positive result should be greater than 30°C. [62] [63] [64] 66, 67, 69, 71, 74, 76, 77 However, Sun et al. 65 and Poulton and Webster 60 showed that temperature as low as 25°C could still generate a positive signal after RPA amplification and subsequent lateral flow strip detection. Moreover, Lillis et al. 63 showed that the ambient temperature also had an effect on RPA reaction: the RPA reaction was unstable if the ambient temperature was below 10°C, however, extension of the reaction time could improve positive results attainability. Such reaction tempera- ture range studies indicate that RPA reaction does not require precise temperature control.
While reaction temperature provides a suitable working environment for the RPA enzymes, agitation increases the interactions among the RPA components in a homogenous reaction solution. TwistDx™ recommends the user performing two times mixing steps for the RPA reaction, one is at the beginning of the process and the other is after 4 minutes of the reaction. The former is to mix all the RPA reagents to initiate the reaction, the latter is to prevent from local depletion of the reaction reagents, thereby increasing the reaction rate. Wambua et al. 79 reported that threshold fluorescence values were reached in 5-8 minutes when agitation was performed after 4 minutes, whereas the time to reach detectable levels ranged between 8 and 14 minutes without this agitation. In addition, constant shaking throughout the RPA reaction has been shown to further accelerate the RPA reaction rate, achieve more stable positive results and improve sensitivity, especially when the template concentration is close to the limit of detection. 57 
Tolerability to mismatches, inhibitors and background DNA
Apart from temperature and agitation, tolerability to mismatches, inhibitors and background DNA are other vital factors for efficient and sensitive RPA reaction. RPA has the ability to tolerate mismatches, and the highest mismatch tolerability reported so far is nine nucleotide base pairs across the primer and probe binding sites. [82] [83] [84] [85] [86] [87] [88] [89] Studies also showed that the mismatches at the 5′-end or centre of primers only mildly affect the RPA reaction, but mismatches located at the 3′-end of primers significantly affect the reaction. 84, 86 This is consistent with the RPA reaction mechanism (see section 2.2), since the polymerase extends the primers and probe (once cleaved) from the 3′-terminus. A useful application for such mismatch sensitivity at the 3′-end is to distinguish single nucleotide polymorphism (SNP). Yamanaka et al. 90 applied this property to differentiate polymorphisms for the tobacco use disorder genes; the DNA polymerase extension was efficient when the 3′-terminal base of a primer matched its target, whereas the DNA polymerase extension was inefficient or non-existent when the 3′-terminal base was mismatched. 90 However, of the general RPA mismatch tolerability (outside of the 3′-end of the primer) can be advantageous, as it enables some flexibility in primer design for highly polymorphic targets, where long conserved target regions are hard to locate. Conversely, the drawback of such mismatch tolerability is a tendency towards nonspecific detection of closely-related species. Indeed, nonspecific detections have been observed by Patel et al., 87 Moore et al. 88 and Yang et al. 69 when detecting chikungunya virus, epidemic human noroviruses and porcine circovirus Type 2, respectively. When testing clinical or field samples, numerous substances (e.g. inhibitors) are either present or could be introduced during sample preparation and processing steps, which can potentially interfere with nucleic acid amplification. RPA has been demonstrated to tolerate certain (PCR) inhibitors, including: (1) haemoglobin (20 g L −1 ), heparin (0.5 U) and urine (1.25%) showed no effect on RPA reaction; 62, 91 and (2) haemoglobin (50 g L −1 ), ethanol (4% v/v) and urine (up to 5%), which only slightly affected reactions. 62, 91, 92 However, RPA reaction was totally inhibited in the presence of SDS (0.05% v/v) and urine (10%). 62, 91 It was also observed that RPA reactions were more susceptible to inhibitors when the DNA template concentration was close to the limit of detection.
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However, it is also important to carefully consider the choice of extraction buffer or incubation medium for the sample preparation and processing steps, as these working solutions may also contain potential inhibitors. For example, Valasevich and Schneider 72 found that Cetyltrimethyl ammonium bromide (CTAB) DNA extraction buffer strongly inhibited RPA reaction. Similarly, Liu et al. 93 found that selenite cystine broth (bacterial enrichment medium) significantly affected RPA reactions, resulting in a large number of primer dimers that led to false positive results on the lateral flow strip detection. In addition to tolerating inhibitors, RPA is capable of amplifying target nucleic acids in the presence of background DNA. [94] [95] [96] [97] However, similar to the tolerability for inhibitors, the tolerability for background DNA is also concentration dependent. Clancy et al. 97 observed that the RPA reaction was significantly inhibited when 400 ng of background human DNA was present, but was much less inhibited when 200 ng of background human DNA was present. Rohrman and RichardsKortum 94 showed that RPA was completely inhibited by 0.5 µg of sheared salmon sperm DNA when 50 copies of human immunodeficiency virus-1 (HIV-1) target DNA were present, while only inhibited by 2 or 5 µg of sheared salmon sperm DNA when 10 3 or 10 6 copies of the target DNA were present respectively. In addition, Rohrman and Richards-Kortum 94 also pointed out that the primer, probe and target sequences used in the assay could influence the maximum background DNA concentration tolerability. Both HIV-1 and Plasmodium falciparum RPA assays were completely inhibited by 2 µg of sheared salmon sperm DNA respectively when 10 3 copies of HIV-1 and Plasmodium falciparum target DNAs were present. 94 However, when the same amount of target DNA were present (10 3 copies), the Entamoeba histolytica and Giardia duodenalis assays were completely inhibited only by 1 and 0.5 µg of sheared salmon sperm DNA, respectively. 94 
Nucleic acid labelling during RPA
One vital process for diverse down-stream RPA applications (e.g. lateral flow strip detection and enzyme-linked immunosorbent assay) is to incorporate labels into nucleic acid template during RPA reaction, so that the incorporated labels allow capture, detection and/or assist the signal generation of RPA assays. Such nucleic acid labelling can be achieved terminally using 5′-labelled primers or internally via labelled nucleotides. 39, 40, [98] [99] [100] [101] [102] [103] [104] The labels used for nucleic acid labelling can be fluorescent entity (e.g. fluorescein), ligand (e.g. biotin) or even a short segment of nucleotides (overhang).
Most terminal nucleic acid labelling using RPA employs both 5′-labelled forward and backward primers, such that the amplicons possess dual-labels that can be captured and detected by corresponding recognition molecules in down-stream assays. However, RPA only tolerates to certain labels via 5′-labelling process. Crannell et al. 105 reported a failure of RPA incorporation of five different 5′-labels (Cy5, Cy3, bromodeoxyuridine, tetrachlorofluorescein and hexachlorofluorescein) compared to successful incorporation with three 5′-labels, Alexa Fluor488, fluorescein and digoxigenin.
For internal nucleic acid labelling during RPA, the reaction mixture can be supplemented with labelled nucleotides, mostly using digoxigenin-dUTPs, which randomly substitute dTTPs during polymerase extension to create labelled amplicons. [101] [102] [103] [104] In comparison to the terminal labelling, the internal labelling allows more labels to be incorporated into a single nucleic acid template, thus having more binding opportunities in down-stream assays. However, terminal labelling can be a better choice when the down-stream application is for a sandwich assay, as the two labels incorporated via terminal labelling are further apart (separated by the length of amplicon), which could prevent steric hindrance of binding if the labels were too close together.
Amplicon clean-up and post-amplification treatment
The above-mentioned issues have considered the conditions both before and during RPA reactions. In addition, post-reaction procedures are critical for successful RPA signal detections, and should be determined according to the intended use of RPA amplicons. The generation of RPA amplicons are RPA reaction kit dependent. Usage of the TwistAmp® Basic kit (also the Basic RT kits) produces a single amplicon from the forward and reverse primers. Conversely, usage of the TwistAmp® exo kit (also the exo RT kits) and the TwistAmp® fpg kits do not produce a single amplicon, the former is due to the exonuclease present in the reaction mixture digesting most of the amplicons during RPA reaction, 42 and the latter is due to the glycosylase/lyase E. coli fpg cleavage generating a nonextensible 3′-phosphate group (also see section 2.3). 46 For the TwistAmp® nfo kit, however, two types of amplicons are generated, due to the DNA polymerase displacement activity to the probe-primed template: a dual-labelled amplicon emerges as a short product from the probe and one of the primers, whereas a singlely-labelled amplicon emerges as a longer product from the forward and reverse primers (Fig. 3C ) (note that only the dual-labelled product will generate a positive signal in the test zone of a lateral flow strip detection based on a sandwich assay). [105] [106] [107] [108] Nevertheless, the RPA amplicons are initially associated with proteins and crowding agents, and the resulting DNAprotein-crowding agent complexes prevent direct use of DNA molecules for gel electrophoresis detection. 109, 110 This is because these complexes affect the proper migration of the amplicons in gel electrophoresis, leading to a lump of smears on the gel pattern. Several methods have been reported in the literature to process RPA amplicons before gel electrophoresis detection, these include protein denaturation by heating (at 65°C or 95°C for 10 minutes) and detergent treatment (e.g. sodium dodecyl sulfate, SDS), enzymatic digestion (e.g. proteinase K), protein sedimentation via high-speed centrifugation and purification using commercial DNA clean-up kit. 37, [109] [110] [111] [112] [113] Among these methods, the heating method worked equivalently to the methods by proteinase K digestion or SDS treatment. 109, 111 However, heating at 65°C for 10 minutes showed better result than that of heating at higher temperature (95°C). 111 SDS treatment (20% in loading buffer) generated brighter and thicker gel bands than the proteinase K digestion method (0.2 mg mL −1 or 20 mg mL −1 ); 109 heating at 65°C for 10 minutes generated equivalent brightness gel bands to the ones generated by SDS treatment method (5% or 10% in the loading buffer) in Londono and co-workers' results, however, Kapoor and co-workers showed that the SDS treatment method (5% in the loading buffer) resulted in brighter gel bands than the heating method (65°C for 10 minutes) but also resulted in a smear-like pattern above the target band. 111, 112 In comparison to the heating, proteinase K digestion and SDS treatment methods, usage of the commercial DNA clean-up kit produced only the target band but in a much lower band intensity. 37, 109, 111 In addition, as an alternative method, centrifugation (3 minutes) to pellet RPA proteins showed equivalent performance to the heating method (65°C for 10 minutes). 110 As with lateral flow strip detection, direct usage of RPA amplicons is possible, but it is recommended to dilute the amplicons with the running buffer (e.g. 1/100 dilution) before running on the strip to (1) improve its wicking performance 114 and (2) avoid "ghost band" effects. 45, 54, [115] [116] [117] Notably, Powell and co-workers pointed out that the viscous wicking problem on the lateral flow strip can be mitigated by replacing the high molecular weight PEG (5.5% 35 kDa; see also section 2.1) with the low molecular weight PEG (6.5% 3 kDa) in the RPA reagent formulae. 114 Moreover, Powell and co-workers also developed methodology to alleviate the dilution step for lateral flow strip detection. They found that sometimes the RPA amplicons are being rendered unavailable in the "RPA globule" (the core of nucleic acid amplification which contains localised RPA reagents; Fig. 5A ), the formation of which is highly associated with the PEG, for binding to the test line of lateral flow strip. However, applying a dual-labelled probe (two labels are connected via short length linkers) enabled escape from the "RPA globule" after the enzymatic cleavage, permitting amplicon ready for down-stream sandwich assay detection (Fig. 5B) . 114 
Sensitivities and specificities
The sensitivities and specificities of RPA can be evaluated in two categories, namely analytical and clinical (or field). The analytical sensitivity indicates the lowest amount of analyte that an assay can detect (also known as limit of detection); the analytical specificity is the ability of an assay to measure one particular analyte rather than others in a sample. 118 In comparison, the clinical sensitivity is the percentage of correct detection of positive clinical samples, while the clinical specificity is the percentage of correct detection of negative clinical samples. From the analytical sensitivity and specificity perspective, RPA is very sensitive and can detect as little as a few molecules (copies) of the analyte, which approaches the analytical sensitivity of PCR (Table 5) . Furthermore, ultra-sensitive detection down to even a single copy of the analyte can also be achieved in RPA (Table 4) . In most cases, RPA is very specific for distinguishing one species from other non-closely related species, however, the natural function of these enzymes for performing homology directed repair becomes a disadvantage of RPA to discriminate towards closely-related species, especially when these species share high sequence similarity. 69, 87, 88 Conversely, this indicates that RPA can tolerate to a certain degree of primers or probe mismatches to the target sequence (more details see section 2.6).
Apart from measuring the analytical sensitivity and analytical specificity, many researchers have applied RPA for testing clinical or field samples, and compared the results with a standard method (mostly PCR). From the summary Table 5 , the clinical sensitivity of RPA is only half as sensitive as the benchmark method, whereas the clinical specificity of RPA is most of time as specific as the benchmark method. These results indicate that RPA may (in some cases only), mis-detect a positive sample (false negative), but is unlikely to show a false positive. In short, RPA is still at the beginning of undergoing clinical/field test evaluation, but not yet matured to be a routine test in the clinical/field settings.
Distinctive RPA detection methods
In the proceeding sections, we have discussed how RPA adapts to commonly used PCR detection methods, such as real-time fluorescent detection, gel electrophoresis and lateral flow strip detection. However, a myriad of different detection methods have been coupled with RPA, including flocculation assay, electrochemical, chemiluminescent, silicon microring resonator (SMR)-based photonic and surface-enhanced Raman scattering (SERS) detections. This section describes these distinctive RPA detection methods and discusses their advantages, which have enabled RPA assays to be more efficient and sensitive, yet sometimes simpler and faster.
Flocculation assay detection
Flocculation assay detection is based on a bridging flocculation phenomenon in colloid chemistry described by Ruehrwein and Ward (in 1952) , 158 and later explained by La
Mer and Healy (in 1960s). [159] [160] [161] The basic principle of bridging flocculation involves the use of long polymers to crosslink multiple particles and thus flocculate out of solution at a specific buffer condition (e.g. pH and salt concentration; Fig. 6 ). A RPA reaction in combination with a flocculation assay detection was first demonstrated by Wee and co-workers, where RPA amplicons greater than 100 bp (from a plant patho- gen) that resembled long polymers were precipitated onto a magnetic bead surface (at low buffer pH). 162 The resulted conjugated particles underwent flocculation due to cross-linking of magnetic beads via RPA amplicons. The flocculation could only be triggered with amplified nucleic acids of lengths above 100 nucleotides, which is much longer than standard RPA primers; RPA reaction with no or non-target template did not produce such long "DNA polymer segments" and thus incurred no flocculation. 162 Following from this first application, such RPA-flocculation assays were further applied to detect gene-specific DNA methylation, 163 Mycobacterium tuberculosis 96 and prostate cancer biomarkers (TMPRSS2:ERG). 164 Analytical sensitivity of these detections were 10% methylation (from 5 ng of starting material), 163 10 bacteria colony forming unit (CFU) 96 and 10 5 copies of TMPRSS2:ERG RNA (equivalent to a single cell), 164 respectively. In addition, the detection of TMPRSS2:ERG biomarker underwent clinical sample test, and achieved 70% clinical sensitivity and 100% clinical specificity in comparison to the standard method reverse transcription-PCR. 164 The flocculation assay detection is a good alternative to the commonly used end-point detection methods (e.g. lateral flow strip detection) for quick qualitative detection of RPA amplicons. The total detection time is within ten minutes and only requires a minimum amount of RPA amplicons (10% of the reaction volume). Such detection method does not involve any DNA labelling or modifications during RPA reaction, and it also does not require equipment to confirm the RPA amplicons. The detection is a sharp transition between solution phase and flocculate, and is therefore better as naked-eye visualisation in comparison to other colourimetric visualisation detections.
Electrochemical detection
Another alternative detection strategy for RPA is electrochemical detection, which employs electrochemically active compounds to produce a signal in relation to the amplified nucleic acids. Most electrochemical approaches for RPA detection measure amperometric signals from RPA-enzyme-linked immunosorbent (ELISA) assay or RPA-enzymatic assay (more details please refer to literature 37, 38, 43, 104 ) due to the electrochemically active property of 3,3′,5,5′-tetramethylbenzidine (TMB) (Fig. 7) . 68 to the intercalating fluorescent dye SYBR Green I, consequently causing a drop in the diffusion-controlled current as more double-stranded DNAs are synthesised during RPA. This ruthenium compound-based electrochemical detection achieved 11 CFU mL −1 of Mycobacterium tuberculosis analytical sensitivity, which is even more sensitive than the GeneXpert MTB/ RIF (Cepheid Inc.) detection (a World Health Organisation recommended tuberculosis diagnostic system that employs PCR real-time fluorescent detection; 131 CFU mL −1 ).
It is obvious that the RPA-electrochemical detection is advantageous for high analytical sensitivity. In addition, RPAelectrochemical detection is fast, low cost and field amenable, as it can be implemented easily with small components manufactured by inexpensive materials (e.g. screen printed carbon electrodes) with signal measured using a portable device (e.g. μSTAT 400 bipotentiostat/galvanostat). 101 
Chemiluminescent detection
As an alternative to the fluorescent probe-based detection that requires a light source, RPA reactions can also be detected via chemiluminescence. The chemiluminescent detection converts chemical energy into the emission of visible light (luminescence) as the result of an oxidation or hydrolysis reaction. 169 Seidel's research group has been applying RPA coupled with chemiluminescent detection of water-borne microbes on flow-based microarrarys. 170, 171 Their chemiluminescent detection employs conversion of energy from oxidation between luminol and peroxide catalysed by horseradish peroxidase to give off luminescent signals detected by a charge-coupled device (CCD) camera (Fig. 8) . 170 by Del Rio et al. 166 Seidel and co-workers' second demonstration was a duplex detection of Legionella spp. and Legionella pneumophila, and they achieved the limit of detection of 87 GU μL −1 and 26 GU μL −1 , respectively. 171 The
Legionella spp. could be quantified over four log-steps while the Legionella pneumophila could be quantified over five logsteps. 171 In short, the chemiluminescent detection is highly sensitive, having long and stable dynamic range, and is a good candidate for coupling with portable detection device (e.g. a smart phone) in comparison to the fluorescent probe-based detection.
Silicon microring resonator (SMR)-based photonic detection
Detection of RPA reactions can also be performed using silicon microring resonator (SMR)-based photonic detection, which involves performing nucleic acid amplification in an asymmetric manner ( pre-immobilised on one of the primers on the SMR, and all the other oligonucleotides and reagents are free in the solution, see also section 4.2) in the evanescent field of a resonator waveguide. [173] [174] [175] The binding of nucleic acids to pre-immobilised primers induces changes in the refractive index proximal to the waveguide surface. As the nucleic acid amplification progresses, the wavelength shift due to binding can be monitored in real-time on the SMR (Fig. 9) . The SMR-based photonic detection is an alternative detection method for fluorophore-based real-time detection, yet is labelfree and much more sensitive. Shin et al. 130 achieved the limit of detection for a 10 −4 -fold diluted sample for Mycobacterium tuberculosis detection using real-time PCR, while they could detect down to a 10 −6 -fold diluted sample when using RPA-SMR detection. Sabaté del Río et al. 176 demonstrated that RPA-SMR (2 fg μL −1 ) was 1000 times more sensitive than the real-time PCR (5 pg μL −1 ) for the detection of Francisella tularensis. Jin et al. 151 showed that real-time PCR could only detect greater than 30% of the mutant allele in wild-type KRAS (a mutant gene in colorectal cancer) populations, while the RPA-SMR detection could detect 1% to 100% of the mutant allele. Since several silicon microrings can be accommodated on the resonator surface, a multiplexed RPA assay is achievable simultaneously on multiple microrings in parallel (also see section 4.2). Liu et al. 113 demonstrated a duplex detection of IS6110 and IS1081 insertion sequences of Mycobacterium bovis Bulgarian BCG using RPA-SMR assay, and achieved 3.2 and 12 genomic DNA copies per reaction analytical sensitivity respectively. Dao et al. 177 also demonstrated a duplex RPA-SMR assay for the detection of Salmonella Typhimurium and Brucella ovis, and they could identify 50 CFU (in 10 mL urine) and 100 CFU (in 10 mL urine) respectively. In comparison to the multiplex fluorophore-based real-time detection, the multiplex SMR-based photonic detection mitigates potential signal interferences due to fluorophore spectrum overlap, as the wavelength shifts are measured individually on each silicon microring.
Surface-enhanced Raman scattering (SERS) detection
The final method to be highlighted for RPA detection is surface-enhanced Raman scattering (SERS). This is the phenomenon of when a laser excites nanoscale roughened metal surfaces (e.g. gold or silver), which resonantly drives surface charges, creating a highly localised ( plasmonic) light field. When a molecule is absorbed, or lies close to, the enhanced field at the surface, a large enhancement in the Raman signal can be observed. 178 SERS is a highly sensitive spectroscopic detection technique, which shows narrow and distinct spectral peaks of the detection molecules, and is particularly prominent for multiple target molecules detection ( demonstrated a triplex RPA-SERS detection of plant pathogens (Botrytis cinerea, Pseudomonas syringae and Fusarium oxysporum); distinct peaks corresponding to the three pathogens (due to the labelled Raman reporters) could be clearly displayed on the spectrum. Their results also showed that the RPA-SERS detection (2.3 DNA copies) was 100 and 10 000 times more sensitive than RPA-Gel electrophoresis (GE) (2.32 × 10 2 DNA copies) and PCR-GE (2.3 × 10 4 DNA copies) detections, respectively. Koo et al., 99 however, has demonstrated the up-to-date highest multiplexity of RPA-SERS assay, a penta-plex detection of prostate cancer biomarkers (T1E4, T1E5, PCA3, ARV7 and RN7SL1). Distinct peaks corresponding to each prostate cancer biomarker was well-separated and clearly observed at 1075 cm −1 (T1E4), 1175 cm −1 (T1E5), 1285 cm −1 (PCA3), 1338 cm −1 (ARV7) and 1380 cm −1 (RN7SL1). In comparison to the SMR-based photonic detection, the SERS detection is also a better suited alternative to the fluorescent-based detection, especially for multiplexed detection. The multiplex ability of SMR-based photonic detection is limited by the number of silicon microrings that can be accommodated on the resonator surface, while the multiplex ability of SERS-based detection is limited by the number of Raman reporters (typically labelled to the target molecules) that produce sharp and unique peaks in the SERS detection.
Hot spots for RPA development
As demonstrated in the proceeding sections, RPA is a fast developing nucleic acid amplification technique with a growing number of applications and detection systems. In this section, we consider some of the upcoming "hot spots" for RPA development, and discuss their progress and limitations.
In particular, we discuss critical advancements in moving RPA into an accurate quantitative technique through the use of digital RPA, as well as increasing the detection capacity through multiplexing. We also outline progress in realising the ability of RPA to break through the bounds of the laboratory for true field implementation, either through mobile laboratory setups (such as the "RPA in a suitcase"), microfluidic integration, or simple single-step RPA procedures.
Quantitative RPA -digital RPA
One of the most important developments of RPA is to quantify nucleic acid amplification, as quantitative nucleic acid amplification can be informative of gene expression levels, enabling better understanding of biological mechanisms, such as gene regulation during replication or pharmacological treatments, or distinguishing symptomatic from asymptomatic infection. However, unlike the classical real-time PCR (or quantitative PCR), real-time RPA is not considered to be robust for nucleic acid quantification. This is because the RPA reaction employs a chemical start (by adding the magnesium acetate) rather than a thermal start (by increasing reaction temperature to 95°C), thus the reaction starting point cannot be precisely controlled. In addition, PCR is synchronised during each thermal cycle, as the annealing occurs only at low temperature, while there is no such synchronisation in RPA, as the annealing takes places all the time at the optimal reaction temperature range. Because of these reasons, RPA generates non-linear calibration curves for quantification. Nevertheless, the quantification of nucleic acids can be achieved using digital RPA that alleviates calibration curves by the ability of absolute quantification. Digital RPA involves fractionating a nucleic acid sample into thousands to hundred thousands of micro-to pico-litre volume compartments.
Nucleic acid amplification subsequently occurs in each individual compartment. The amplification is usually detected via fluorescent probe, and compartments that encase nucleic acid from the sample will give rise to fluorescent signals. At the end of amplification, counting the positive and negative droplets gives precise, absolute quantification of the initial amount of nucleic acid template based on Poisson statistics (the targets end up in partitions independently and with a fixed rate). The published digital RPA reactions can be based on pre-fabricated partition and droplet partition of nucleic acid sample (Fig. 11) .
The pre-fabricated partition employs a large amount of "mini-cavities" -wells that can hold a defined volume, which allows massively parallel nucleic acid amplifications. One demonstration of such pre-fabricated partition-based digital RPA is the slipchip. 180, 181 The slipchip contains two plates (top and bottom) containing wells and ducts which are pre-loaded with RPA reaction reagents respectively. The RPA reaction is initiated only when the top and bottom plates are aligned in a specific configuration by slipping. Tsaloglou et al. 181 demonstrated a slipchip which allowed 8 parallel RPA reactions (each of the eight reactions comprises 500 nL of volume) for the detection of Clostridium difficile, and achieved a limit of detection of 1000 DNA copies. Shen et al. 180 also demonstrated a slipchip that allowed 1550 parallel RPA reactions (each with 9 nL of volume) for methicillin-resistant Staphylococcus aureus (MRSA) detection, and achieved a limit of detection of 300 copies per mL of genomic DNA (Fig. 11A(i) ). The other demonstration is on a "microcliff" structured microchip (Fig. 11A (ii)). 182, 183 Unlike the slipchip, the sample (nucleic acid and RPA reagents) delivery in this microchip is via passive polydimethylsiloxane (PDMS) degas pumping that alleviates external pumps and power source. RPA incubation starts once the sample is delivered into the wells. The "microcliff" structured microchip demonstrated by Yeh et al. pre-fabricated partition-based digital RPA is on a pico-liter well array (PWA) chip (27 000 wells, with each well of 314 picolitres, in a 6 cm 2 area; Fig. 11A(iii) ). 184 In this chip, the sample was evenly distributed into the wells using a scraping blade.
The chip was sealed with oil to prevent evaporation before RPA incubation. The PWA chip could quantify serial dilutions of Listeria monocytogenes genomic DNA from 9 × 10 −1 to 4 × 10
copies per well with an average error of less than 11% (n = 15). 184 The digital RPA by droplet partitions is based on water-inoil emulsion and is generated by dispersing liquid within an oil phase. 185, 186 In this case, each generated droplet acts as an individual micro-reactor, which contains all the reagents for a miniaturised RPA reaction (in the volume range from nanolitre to pico-litre; Fig. 11B(i) ). Schuler et al. 185 is the first to demonstrate the RPA reaction in water emulsion-based droplets (also called digital droplet RPA, ddRPA), and they successfully quantified Listeria monocytogenes DNA (100, 215, 464 and 1000 copies) that was concordant to the number of copies measured with digital droplet PCR. In summary, the digital RPA partitionates a RPA reaction into nano-or pico-litre sized cavities to allow absolute quantification of the starting nucleic acid. This provides an opportunity to reduce the quantitative variability associated with realtime fluorescent probe-based quantification, as it does not rely on calibration curves. In addition, the digital RPA quantifi- cation is of significant value when testing samples that only contain negligible quantity ( prospectively circulating tumour cells) in the original sample; the nucleic acid amplification from such samples can be overwhelmed in the tube (bulk) reaction, whereas, they become conspicuous in the digital RPA reaction.
Multiplex RPA
While quantitative RPA is critical to measure the amount of a single genetic marker in a system, multiplex testing is critical for assessing a series of different genetic markers, which can be equally important in gaining an improved understanding of a biological system, or for disease monitoring or detection. Multiplexing is highly preferred from a time and precision of understanding, as it greatly increases the result output per sample input in comparison to the single-plex detection within defined analytical turn-around time. Multiplex RPA reaction has been demonstrated either in a single tube (homogenous) or in a parallel fashion (sometimes refers to heterogeneous). The single-tube multiplex RPA can be performed using single or multiple nucleic acid templates. For the former, Kim et al. conducted a duplex assay to differentiate wild-type and gEdeleted vaccine pseudorabies (limit of detection of 100 viral DNA copies each). However, the highest level of multiplexing is a triplex assay demonstrated by Piepenburg and co-workers for the detection of MRSA I, II and III genotypes (detection limits are 10 genomic copies each). 6 For single-tube multiplex RPA using multiple different nucleic acid templates, a few duplex and triplex assays have been demonstrated for the detection of bacteria, 126, 188, 189 parasites, 105 fungus, 98 genetic modified soybeans 21 and prostate cancer biomarkers. 179 In particular, Song and co-workers demonstrated the highest multiplexity via a 16-plex assay for pathogen detection by combing RPA reactions with LAMP on a microchip, which was termed a two-stage isothermal amplification (Fig. 12A) . 190 In Song's demonstration, a first-stage RPA reaction was applied to simultaneously amplify sixteen different DNA targets in the RPA reactor, while a second-stage LAMP reaction was performed in sixteen branching chambers that stemmed from the RPA reactor to amplify and detect the resultant RPA amplicons in parallel. Each of the branching chambers contained a specific set of primers and probe for amplifying a specific pathogen among a pool of sixteen RPA amplicons from the first stage reaction. 190 The RPA-LAMP assay could detect down to 1 plaque-forming units (PFU) using Zika virus-American strain (mex 2-81, Mexico) as a demonstration (amplifying the DNA template with the present of 16 primer pairs), with a linear correlation between 5 PFU and 500 PFU. 190 Collectively speaking, the single-tube multiplex RPA reaction saves both reaction space and volume. However, further increasing multiplexing levels is very challenging. In the case of using a single nucleic acid template, the multiplex capacity is mainly restricted by the capacity to accommodate multiple genes within a certain length of consensus sequence. However, the main restriction becomes the non-specific interactions among multiple oligonucleotides ( primers, probes and nucleic acid templates) when using multiple nucleic acid templates. Although Song and co-workers' methodology alleviates such restriction (as long as there were few correct RPA amplicons generated in the first-stage reaction, despite concurrently produced non-specific amplicons, these correct RPA amplicons would be specifically further amplified via a second-stage LAMP reaction), their methodology is still limited by the capacity of primer concentrations in the first-stage RPA reaction.
In contrast to single-tube multiplex RPA, performing multiplex RPA in a parallel fashion omits the non-specific interactions among multiple oligonucleotides. This is because (1) each single-plex RPA reaction occurs next to each other but is independent of each other ( performed as homogeneous assays) or (2) the RPA reaction is performed in an asymmetrical manner (heterogenous assay), where one of the RPA primer is pre-immobilised on a matrix while the other RPA primer remains in the solution together with the DNA template (and probe), in this way, only the RPA amplicons will be captured on the matrix for detection.
The in-parallel multiplex RPA that adopts homogeneous assay format can be performed either in solution or on a solid phase. For the former, multiple amplicons from collateral single-plex RPA reactions (in tubes) are combined together and submitted to a subsequent multiplex detection method, exemplified by quantum dot beads-coated microwell detection (duplex), 194 quantum dot-based flow cytometry detection ( penta-plex) 195 and SERS detection ( penta-plex). 99 For the latter, one demonstration is on the digital video disk (DVD) by Maquieira research group, and the resulting signals can be detected by a DVD player (Fig. 12B) . 188, 191, 194 The other demonstration is on an electrowetting-on-dielectric (EWOD) surface, where the EWOD-based RPA reaction droplets are controlled using electric potential by varying electric energy across the thin dielectric film between the liquid and conducting substrate. 80, 192 Kalsi et al. 192 demonstrated a triplex EWOD-based RPA reaction in a parallel format for the detection of three antibiotic resistant genes (CTX-M-15, KPC and NDM-1). Each single-plex droplet RPA reaction was independent of other single-plex droplet RPA reactions, and could perform a set of programmed operations including move, merge, split, dispense and mix in an automatic manner (Fig. 12C) . The EWODbased RPA reaction achieved the limit of detections of 1000 DNA copies of each antibiotic resistant gene, which is 100 times less sensitive than the bench-top RPA reactions.
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Another demonstration is on paper by Magro and co-workers, which they constructed a wax patterned five-layer paper device in three-dimensional (3D) origami configuration (Fig. 12D ). mixture was pipetted onto the sample inlet, the input liquid sample mixture could be distributed via capillary force between adjacent paper layers by folding, and ultimately reached specific areas that contained pre-stored reagents, to initiate RPA reactions. Unlike the in-parallel multiplex RPA that adopts homogeneous assay format, the demonstrations of the in-parallel multiplex RPA that adopts heterogeneous assay takes place only on solid surfaces. The majority of such assay performs multiplex RPA in an asymmetric manner on a microarray. Kersting et al. 196 performed triplex RPA in a 4 × 6 microarray for the detection of Salmonella enterica, Neisseria gonorrhoeae and MRSA on the epoxy-silanised glass slides, and achieved detection limits of 10 CFU, 100 CFU and 10 CFU respectively. 177 (more details refer to section 3.4). Taken together, the multiplex RPA in a parallel fashion has a much higher assay throughput, circumvents cross-reaction (among oligonucleotides) issues, and possesses higher multiplex capacity compared to the single-tube multiplex RPA. However, its degree of multiplexing is limited by (1) the number of available unique labels conjugated to multiple nucleic acid templates which permit distinctive detection; (2) the size of the reaction surface; and (3) EWOD-based RPA reaction is also limited by the minimum volume of the droplet that permits an effective reaction.
RPA in a suitcase for mobile laboratory
The ultimate purpose of isothermal amplification such as RPA is to take the nucleic acid testing away from the centralised lab to the field or resource-limited settings. Abd El Wahed and coworkers turned this thought into reality by miniaturising the RPA diagnostic into a standard suitcase (56 cm × 45.5 cm × 26.5 cm by size), dubbed diagnostics-in-a-suitcase (Dias; costs around 5000 Euro; Fig. 13A ). 197 The Dias contained all the reagents and equipment necessary for the real-time RPA assay to detect the emerging avian influenza A (H7N9) virus at the site of an outbreak. The reagents and the equipment were fixed in the foam at the base of the suitcase which acted as a shock absorber during transport; a solar panel and a power pack provided the power support; and the storage box was refillable whenever needed. 197 The RPA-Dias detection of influenza A (H7N9) was successful, and achieved detection limits of 10 and 100 RNA copies for the detection of H gene and N gene, respectively. This highly promising demonstration of the first RPA-Dias inspired Abd El Wahed and co-workers to perform further testing. They carried the Dias (a total weight of 23 kilograms including the aluminium case) to the field of both of Kedougou (Senegal) and Bangkok (Thailand), and set up a mobile laboratory for the real-time RPA detection of dengue virus (1-4 serotypes) . 131 The mobile lab was organised into 4 sites, including the RNA extraction, master mix, sample mix and detection (using a tubescanner, TwistDx, Cambridge, UK) in close proximity (Fig. 13B) . 131 All the reagents were coldchain independent; the power was supplied either from a motor vehicle battery (via inverter) or from the solar panel.
The real-time RPA assay performed successfully in such an open-air environment and observed no influence of dust on the assay quality.
The clinical sensitivities and specificities tested in Kedougou (Senegal) and Bangkok (Thailand) were 98% and 100% and 72% and 100%, respectively. 131 Later, Abd
El Wahed and co-workers also carried the Dias to the local hospitals in Matoto (Guinea) 134 and Mymensingh (Bangladesh) 121 for the on-site detection of Ebola virus and Leishmania donovani, respectively. The real-time RPA Ebola assay was able to correctly include positives (91% of clinical sensitivity) and exclude negatives (100% of clinical specificity); 134 while the real-time RPA Leishmania donovani assay achieved 100% clinical sensitivity and 100% clinical specificity. 121 The demonstration of RPA-Dias brings the rapid nucleic acid testing to the site of need, in particular benefiting the places with poor laboratory infrastructure. With its continuous development, there is no doubt that the RPA-Dias will become pervasive within five years.
Microfluidic integration of RPA assays
Apart from multiplex RPA reactions and mobile RPA reactions that provide increasing diagnostic efficiency and portability respectively, a growing attention has been focused on developing RPA assays that encompasses both of the two merits. tor-based microfluidics that integrated RPA amplification and electronic signal detection for the detection of anti-microbial resistance genes. We note that all these three examples require the input of manually pre-mixed RPA reaction reagents. For fully integrated assays, one demonstration is the self-powered integrated microfluidic by Yeh et al. 183 The self-powered integrated microfluidic integrated sample preparation ( plasma separation from blood cells), digital RPA amplification ( prepartition-based) and detection (fluorescent-probe based) in an automatic manner via a built-in vacuum battery system (that frees the chip from external pumps sources for pumping).
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The self-powered integrated microfluidic was able to detect 2 × 10 5 copies per µL of HIV-1 RNA spiked in human blood within 18 minutes, and was able to quantitatively detect 10 to 10 5 copies per µL of MRSA DNA in water or directly from spiked human whole blood. 183 Another demonstration of fully integrated assays is the application of centrifugal microfluidics that perform all the required procedure for RPA reaction in an automatic manner governing by centrifugal forces. Zengerle's research group was the first one to demonstrate such performance. They developed a foil disc (Fig. 14A ) that performs metering of the RPA rehydration buffer to re-suspend RPA reaction pellet, and subsequently aliquot the resulting mixture into five parallel reaction chambers that were pre-stored with oligonucleotides ( primers, probe and DNA template). 200 The foil disc was fitted onto a modified Rotor-Gene 2000, which executed centrifugation to manipulate the liquid movement between different chambers on the foil disc and real-time fluorescent signal detection. Followed up this demonstration, they developed another foil disc that integrated sample preparation (DNA extraction from blood plasma), nucleic acid amplification and fluorescent detection of Bacillus anthracis and Francisella tularensis. 201 And this time, they tailor-made a por- 201 Their centrifugal microfluidics is the first true example of fully integrated RPA assay device, with the entire procedure from DNA extraction through to detection, in a fully automated fashion. Later, Kim et al. 202 also developed a centrifugal microfluidics that integrated sample lysis, RPA amplification, metering, dilution and lateral flow strip detection of food-borne pathogen (Salmonella enteritidis; Fig. 14B ). The centrifugal microfluidics was fitted onto a computer-controlled unit that included a spinning motor, a laser for sample lysis and a local heating apparatus to support RPA assay procedure. Their demonstration achieved the limit of detections of 10 CFU mL −1 and 100 CFU mL −1 in phosphate-buffered saline (PBS) and milk respectively with a total analysis time of 30 minutes.
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The foil-based microfluidics described above are a compact and affordable platform for performing integrated RPA assays, but they require complicated and expensive design and fabrication. Nonetheless, paper-based microfluidics can be an alternative for performing integrated RPA assays, as they can also conduct many of the functions of the foil-based microfluidics. Cordray and Richards-Kortum 106 developed a paperbased microfluidics that integrated RPA amplification, dilution and lateral flow strip detection. All the reagents for this three processes were pre-stored in different paper pads, and were mixed with each other sequentially by pulling the sliders (Fig. 14C) . 106 Their paper-based integrated RPA assay could detect as few as 50 synthetic Plasmodium DNA copies, which was equivalent to the analytical sensitivity of the bench-top RPA-GE assay. In comparison, Magro et al. 193 developed a 3D origami paper-based device that integrated multiplex RPA amplification and fluorescent signal detection (refer to section 4.2). The pre-stored reagents and oligonucleotides in different wax-patterned areas were rehydrated once the device is folded and dipped into water. Although the integration of RPA amplification and signal detection showed successful paper-based microfluidics, it required human intervention to complete the integrated RPA assay, as opposed to a fully integrated RPA assay on foil-based microfluidics. Moreover, it is very challenging to integrate sample preparation with RPA amplification and signal detection on paper-based microfluidics, not to mention in an automated execution. The reason is that it is very difficult to manipulate liquid movement on paper merely via capillary force, which is a weak force, and thus results in a slow moving process (despite of the liquid has a high wettability and the matrix is very hydrophilic and porous).
Overall, developing a microfluidically integrated RPA assay is a transition towards the realisation of fully automated sample-in-answer-out RPA assay to increase the diagnostic efficiency and portability. Nevertheless, the sample preparation step is the bottleneck to achieve this ultimate goal. In particular, some samples (e.g. blood) require multiple processing steps before the extracted nucleic acids are ready for the subsequent amplification and detection. Zengerle's research group and Kim and colleagues' work by employing multiple sample preparation chambers together with the amplification chamber (and detection chamber) on a single foil-based microfluidics, demonstrates one feasible way, albeit with challenging and costly microfluidics design and fabrication.
One-step RPA assays
A simple and feasible way to facilitate full automation of the RPA assay without introducing multiple sample preparation chambers is to perform a one-step RPA assay, or in other Centrifugal microfluidics that integrates RPA reagents metering, mixing and aliquoting, amplification and fluorescent signal detection. Photograph of a foil disc assembled with RPA reaction reagents (liquid and lyophilisate reagents) featuring 6 fluidic structures (top), each capable of processing 5 geometrically multiplexed assays. Detailed fluidic structure for one unit is denoted; the buffer is replaced by red ink for demonstration purposes (bottom left). Elucidation of automated RPA assay on a centrifugal microfluidic (bottom right); fluids movement between chamber to chamber are manipulated via centrifugal force. (i) Inside the glass capillary contains the RPA liquid reagents, including DNA template, primers, probe, rehydration buffer, magnesium acetate, while the lyophilisate chamber contains the lyophilised pellet; (ii) the RPA liquid reagents is spun into the lyophilisate chamber after the glass capillary is crushed; (iii) the siphon allows valving between the lyophilisate chamber and the aliquoting structure; (iv) the 50 µL RPA liquid reagents volume is split into 5 × 10 µL aliquots; and (v) the fluid fills the reaction chambers via a centrifugal pneumatic valve. Reprinted with permission from ref. 200 words, to perform RPA amplification directly from the crude sample (in the same tube). RPA has been able to amplify nucleic acids directly from crude samples, such as plant tissue extract, 111, 203 crude sap, 79, 112 soil and water samples, 71 food samples (eggs and chicken meat) 119 and vaginal swab lysate. 137 Nevertheless, Choi and co-workers were the first to demonstrate a fully integrated RPA assay on foil-based microfluidics that was facilitated by the one-step assay approach. Choi et al. employed direct PCR buffer in RPA reaction for the detection of food poisoning bacteria (Salmonella enterica, Escherichia coli O157:H7 or Vibrio parahaemolyticus). 204, 205 The direct PCR buffer was able to lyse the bacterial cells, inactivate amplification inhibitors from the lysed sample and was compatible to the RPA reaction system. 204 The entire assay completed within 30 minutes, which was much shorter than the time required for a non-sample preparation integrated microfluidic or a sample preparation integrated microfluidic system (e.g. at least 60 minutes). Although the direct RPA assay is a shortcut to assist full automation of foil-based microfluidics, there is no rule of thumb for the direct RPA assay buffer. This is because each sample has different lysis difficulty levels, and the effective lysis buffer may not be compatible with the RPA system and may also have potential impact on fluid movement within the microfluidics. Therefore, it is a trail-and-error process to identify such effective direct RPA buffers.
Conclusions and future perspectives
The PCR is a revolutionary watershed in nucleic acid test, however, isothermal nucleic acid amplification, as an alternative to PCR, has a lower requirement in heating conditions and performs nucleic acid replication more rapidly. RPA was a comparatively late introduced isothermal amplification method, however, it is one of the fastest developing methods. This is due to its true isothermal properties, simple reaction scheme, fast reaction time and excellent reports of sensitivity and specificity. In this review, we provide comprehensive knowledge of RPA technology: from its reaction components and mechanism, to the design of RPA assay and detection methods. In particular, we summarise many experimental tips from practical implementation, dispose clinical/field performance data and point out focused RPA development, to help researchers make better use of RPA and make contributions to boost its development. RPA has just passed its first decade of development, and is now stepping into a next stage of evolution. We have considered some critical issues for future development. Firstly, more attention is needed for developing field-amenable sample preparation methods including concentration, extraction and purification, as this would largely facilitate a complete RPA assay for on-site or field application. Secondly, developing portable and fully automated RPA diagnostic devices is of paramount importance not only to further increase the diagnostic efficiency, but more importantly to bring RPA diagnostic closer to the layperson and people who live in places with poor healthcare infrastructure. Thirdly, RPA can be applied for developing wearable sensors by virtue of its close-to-body reaction temperature. Imagine if people can simply take some samples from their own body (e.g. body fluid) and perform a fast RPA assay using their body temperature to detect potential pathogens, this could revolutionise RPA diagnostics to be a self-testing. Fourthly, unlike real-time PCR which is controlled by heat cycle, RPA employs continuous amplification after reaction initiation; it would be beneficial to develop a method or mechanism to precisely control the starting point of each RPA amplification cycle, so as to assist obtaining reliable quantitative RPA results (other than the absolute quantification by digital RPA). Fifthly, the current market share of RPA (7.08%) is far less than that of PCR, and is less in comparison to other isothermal nucleic acid amplification methods (e.g. SDA and LAMP). To boost its market share, more studies in comparative clinical validations between RPA and existing PCR assays can be performed. In addition, practical websites or software should be developed to ease and streamline the RPA primers and probe design, and screen for optimal oligonucleotide pairs for the reaction. Rationally speaking, RPA may not replace the status of PCR in years to come, but it can be a versatile complement of PCR. At this time point, RPA technology is maturing for application in the clinic, however, it is still at a transition period towards on-site or field application. With its continuous fast development, we foresee that RPA technology will ultimately become robust mobile and point-of-need applications in the future.
Conflicts of interest
There are no conflicts to declare.
